AB S T R A £I T Giant axons were voltage-clamped in solutions of constant sodium concentration (230 m_~) and variable potassium concentrations (from 0 to 210 rnM). The values of the peak initial transient current, Ip, were measured as a function of conditioning prepulse duration over the range from less than I rnsec to over 3 rain. Prepulse amplitudes were varied from F_~ ---20 mv to E,, = --160 mv. The attenuation of the Ip values in high [K¢] was found to vary as a function of time when long duration conditioning potentials were applied. In both high and low [Ko], Ip values which had reached a quasisteady-state level within a few milliseconds following a few milliseconds of hyperpolarization were found to increase following longer hyperpolarization. A second plateau was reached with a time constant of about 100-500 msec and a third with a time constant in the range of 30 to 200 sec. The intermediate quasi-steady-state level was absent in K-free ASW solutions. Sodium inactivation curves, normalized to ll, mlx values obtained at either the first or second plateaus, were significantly different in different [Ko]. The inactivation curves, however, tended to superpose after about I rain of hyperpolarizing conditioning. The time courses and magnitudes of the intermediate and very slow sodium conductance restorations induced by long hyperpolarizing pulses are in agreement with those predicted from the calculated rates and magnitudes of [K -~] depletion in the space between the axolemma and the Schwann layer.
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I N T R O D U C T I O N
In 1952, H o d g k i n and H u x l e y (1952 a) d e m o n s t r a t e d t h a t the inward transient c u r r e n t in the voltage-clamped squid giant axon is n o r m a l l y carried b y sodium ions. Recently, it has been shown t h a t the peak a m p l i t u d e of this inw a r d transient current, [~, is inversely related to the external potassium con-centration, [Ko] (Adelman and Senft, 1968; Adelman and Palti, 1969) . Furthermore, external potassium was shown by Adelman and Palti (1969) to affect the time and voltage dependency of the transient sodium current. In the Hodgkin and Huxley formalism (1952 c), a parameter, h, was included to account for the phenomenon of the voltage-and time-dependent inactivation of sodium currents with membrane depolarization. Adelman and Palti (1969) found that the value of h reaches different steady-state levels within 30 msec in external solutions having oonstant sodium concentrations and variable potassium-concentrations. The inhibitor~r effect of external potassium on the sodium current was attributed by Adelman and Palti to an effect of [Ko] on sodium conductance represented by the h and perhaps g~, parameters.
However, Narahashi (1964) described an effect of [Ko] on the transient sodium current which has a time constant approaching the 1 sec range. Slow sodium inactivation also has been suggested by Cole (1958) . The object of this paper is to describe the effects of external potassium ions on long time constant sodium conductance mechanisms. Such mechanisms have been suggested (Baker, Hodgkin, and Meres, 1964; Adelman, Dyro, and Senft, 1965 a, b) as being responsible for the long duration action potentials seen in axons perfused internally with low ionic strength media and externally with potassium-free seawater solutions (Narahashi, 1963) .
M E T H O D S
Experiments were performed upon single giant axons obtained from Loligo pealei at the Marine Biological Laboratory, Woods Hole, Mass. All methods have been described previously (Adelman and Palti, 1969) .
Membrane currents were measured in the voltage clamp as a function of external potassium ion concentration. External sodium concentration was kept constant at 230 rnM. Tris chloride was added to the solutions to maintain the osmolarity and specific conductivity approximately equal to those of the 430 mM sodium seawater (Adelman and Palti, 1969) . Potassium was substituted for given fractions of the Tris + concentration to make up the experimental solutions. These solutions have been described by Adelman and Palti (1969 , Table I ).
All axons were voltage-clamped at holding potentials, Esp, equal to the resting potential, ERp, obtained for each of the test solutions. Prepulses and test pulses were made from E~p and are given in the Results in absolute potential units, E~p and Ep, respectively. R E S U L T S Fig. 1 illustrates the relationship between [Ko] and the efficacy of a given prepulse in overcoming resting sodium inactivation. The data shown in Fig. 1 A were obtained from a typical axon when it was externally perfused with K-free artificial seawater having a sodium concentration of 230 rnM. In Fig. I B the same axon was externally perfused with 50 mM K, 230 rnM Na ASW. In Fig. 1 the p e a k value of the initial transient current, Iv, was o b t a i n e d at the e n d of a prepulse of v a r i a b l e a m p l i t u d e a n d d u r a t i o n b y test pulsing to a m e m b r a n e p o t e n t i a l of zero ( H o d g k i n a n d H u x l e y , 1952 b, cf. Fig. 3 ). H o w e v e r , the thin FmURE l. Time course of typical variations in the peak value of the initial transient membrane current, Iv, in ma/cm ~ as a function of the duration of a conditioning prepulse potential step. The values of the prepulse step potential, Evp , are given at the right of each curve. I v was always measured upon stepping from the prepulse potential to the test potential of zero miUivolts. Axon 68-20. A, axon in K-free, 930 mM Na ASW; between pulses the membrane was held at the resting potential, E•p = EeP = -78 my. B, axon in 50 rnM K, 230 rms Na ASW, ERp = ERp = --44 my. line in Fig. 1 A a n d the line for Epv = ERp in 1 B refer to the values of Iv obt a i n e d w i t h o u t prepulse conditioning. Recently, it has b e e n shown ( A d e l m a n a n d Pahi, 1969) t h a t Iv values r e a c h a steady state in a v a r i e t y of Ko solutions as prepulse d u r a t i o n s a p p r o a c h 30 msec. T h e values of Iv at the left of e a c h
curve were obtained immediately following prepulse durations of 30 msec.
The initial values given to the far left of the curves in Fig. 1 (Fig. 1 B) than for comparable values of Epp in zero K (Fig. 1 A) . Fig. 1 A demonstrates that for zero [Ko] and any prepulse potential the values of I~ remain constant as the duration of the prepulse becomes greater than 30 msec. Such behavior is predicted by the Hodgkin and Huxley theory (1952 c) . When external potassium is added, there is a great decrease in Ip values even following 30 msec hyperpolarizing prepulses. However, as illustrated in Fig. 1 B, there is a gradual restoration of the peak values of the sodium current as the duration of the hyperpolarizing prepulses is increased beyond 30 msec. Notice that another set of Ip plateau values is reached within 600 msec. However, the restoration of I~ values in Fig. 1 B does not result in values comparable to those obtained in K-free 230 mM Na ASW for the same E~ values. It is apparent from Fig. 1 B that the time constant of this restoration process varies between 50 and 200 msec. These values are roughly I0-100 times those obtained by Hodgkin and Huxley (1952 b) for rh, and should be compared with Narahashi's values (1964) .
An increase in the prepulse duration, t~, from 500 msec to 5 see results in no significant change in the amplitude of I~. This indicates that the restoration process has achieved a second plateau or steady state. Fig. 2 illustrates typical curves showing the relation between the peak amplitude of the initial transient current, I~, and the conditioning voltage, E~p. In Fig. 2 prepulse durations were 3 sec, and the curves are plotted for a variety of [Ko] . Fig. 2 that the Epp value at which Ip/I~max = 1/~ shifts to the left as [Ko] increases. This shift is roughly proportional to log [Ko] . Also notice that the slope of this relation is less steep for high [K0] than it is for low [Ko] . Fig. 3 illustrates the effect of prepulse durations from 3 sec to 3 min on subsequent Ip values in 230 mM Na ASW solutions containing zero (A), 50 (B), and 100 mM K(C). It is apparent that the I~ values which had reached a plateau for prepulses of 1 see duration change again as the prepulse duration is increased from 3 sec to 3 min. Fig. 3 suggests that a new plateau is established as prepulse durations approach 2 min. T h e thin line in Fig. 3 A is for E~ = resting potential ( -6 0 my); i.e., IT is obtained upon stepping the membran potential from Egp = -6 0 to zero with no prepulse. Figs. 3 B and 3 C illustrate the effect of increasing [Ko] . The primary result is that the over-all level of sodium current is decreased when prepulses of only a few seconds are used. However, as prepulse durations are increased, restoration of IT values is achieved. Fig. 4 shows the absolute value of I~ following a prepulse of -1 2 0 mv plotted as a function of prepulse duration, t~p. In this figure [Ko] = 50 mM.
Notice in
T h e figure demonstrates that three plateaus are obtained. Each succeeding plateau is achieved at tp~ values which are roughly 100-fold longer than those of the preceding plateau.
By assigning the value of unity to the I~ maxima obtained in K-free A S W for each of the three plateaus, it is possible to compare the effects of Ep~ on the shape of these three plateaus. obtained following 30 msec prepulses in high [Ko] increase as the prepulse duration is increased. For t~ = 2 min, the three curves, obtained in A S W solutions having zero, 50, and 100 rnM K, almost superpose. However, the curves converge only for E~ values of -1 9 0 mv or above. At E~ values of about -8 0 mv they reflect quite different current values at different [Ko] . It is thus apparent that long duration anodic hyperpolarization tends to restore sodium conductance in high [Ko] solutions. However, only the combination of very long duration and very large hyperpolarizing potentials is sufficient to completely overcome the depressant effect of high [Ko] . Fig. 6 (upper trace) shows that, when an axon is externally perfused with K-free, 230 mM Na ASW, a resting potential of -7 6 mv is achieved (cf. . Notice t h a t the decline in IT values is not a m i r r o r image of the change in E,~ (upper curve) and thus must reflect b o t h voltage-and t i m e -d e p e n d e n t effects. It is a p p a r e n t that the decline in IT values continues for a n u m b e r of minutes after E,~ has reached its new plateau value. T h i s time is related to the third time constant shown in Figs. 3 and 4 C.
~2~7
Even continuously voltage-clamping the membrane to -7 6 mv (E~ in K-free ASW) results in only partial restoration of I~ values when compared to those values obtained in K-free ASW. This partial restoration is again predicted by 
increased. This attenuation can be at least partly reversed by voltage conditioning of long duration. The degree of restoration is a function of the duration and the potential value of the conditioning prepulses used. Within the Hodgkin and Huxley (1952 c) framework, the observed changes in sodium current induced by high [Ko] must be attributed either to a change in the effective membrane conductance to sodium ions, or to a change in the actual sodium driving force across the axon membrane. Let us assume, for the moment, that the changes in [Ko], which do not involve significant changes in the ionic strength, Es, and conductivity of the medium (Adelman and Palti, 1969) , do not introduce a considerable error in the measurement of E,, or the ability of the voltage clamp system to clamp the membrane to this E~. The changes in membrane sodium current obtained upon voltage-clamping the axon membrane to the same E,, in different [Ko] solutions must therefore be due to changes in the membrane sodium conductance, namely the ~, m, or h parameters.
Obviously, the slow changes in I~ as a function of prepulses O f long duration, which range from hundreds of milliseconds up to minutes, do not fall within the r~ and zh ranges (< 1-10 msec) considered by Hodgkin and Huxley (1952 b) and by Adelman and Palti (1969) . Therefore, these slow changes must be regarded as resulting from some mechanisms which affect the apparent sodium conductance with completely different kinetics. Fig. 7 illustrates initial transient currents recorded from a typical axon in ASW upon stepping E,. to zero potential (Ep) at the end of a prepulse of variable duration (t~ = from 2 msec to 5 min) and having an E~ value of -1 2 0 mv. Fig. 7 demonstrates that while the amplitude of Ip increases with t~, as predicted by Figs. 1 A and 3 A, the time course is hardly affected. In other words, these long duration processes do not seem to affect the voltage-and time-dependent parameters m and h as described by the Hodgkin and Huxley (1952) framework. In principle, the changes in sodium conductance described in this work should be ascribed to changes in a parameter with the same properties as ~N, since such changes should not result in alterations in the voltage dependency and time course of Is,. However, Figs. 2 and 5 illustrate that the voltage dependency of the peak amplitude of the sodium conductance varies with long duration conditioning. Figs. 3 and 4 illustrate that conductance changes are also a function of time.
Since ~N~ is defined within the Hodgkin-Huxley framework as being independent of voltage and time, one seems to be left with only one alternative, namely, that a new function or process should be incorporated within the equational framework to account for the observed changes in sodium conductance. In the Hodgkin-Huxley framework, sodium conductance is represented by:
The new process may be described by multiplying the conductance by a timeand voltage-dependent factor, f, so that:
The f factor appears to vary slowly with time in a double sigmoidal manner as reflected by the changes of I~ as a function of tpp and E~p shown in Figs. 3 and 4. Inasmuc h as I~ as a function of t~ develops three plateaus, we may readily assume that we are dealing with two processes in addition to the h process. Thus the / factor appears to represent two processes, which will be referred to as p and q. Both the new processes, p and q, rise in a sigmoidal fashion with increasing prepulse duration in a manner similar to the h process. As the p process does not affect I~ values in K-free ASW, it seems that this process specifically counteracts the inactivation effect of [Ko] on sodium conductance.
Further restoration of sodium conductance begins to appear when the duration of conditioning prepulses exceeds the 1 sec range. This effect is described by the q process. This process does not seem to be closely related to [Ko] as a similar activation of sodium conductance occurs in K-free ASW. The very slow q process becomes complete only when sufficiently intense hyperpolarizing prepulses in the minute range are used. One might, therefore, assume that the magnitude of the q process depends, at least in part, on the quantity of charge transported through the membrane. External potassium, therefore, seems to have a significant effect on the h and p processes, but no significant effect on the very slow q process. However, the last conclusion may Adelman and Palti (1969) . Therefore, we shall limit this discussion mainly to the p and q processes. The [Ko] effect on the apparent sodium conductance may be the result of one or more different types of mechanisms of which we shall consider the following: (a) an inhibitory or competitive effect of potassium ions on a properly sensitive element in the sodium conductance system, (b) a modification of the sodium-carrying system by the persistent membrane depolarization in high [Ko] , (c) a change in ENd, (d) a change in the actual potential difference across the membrane with no change in measured E,~, and (e) changes in electrode polarization, and/or electrode-solution interface impedance.
Let us now consider the first possible mechanism. The attenuation of INs by high [Ko] may be the result of association of K + with a site which as a result of this process cannot accept Na + for transfer across the cell membrane (direct competitive inhibition) or the result of a reaction of K + with a membrane site which by an allosteric mechanism interferes with Na + transfer (see Adelman and Palti, 1969) . It has been demonstrated in this paper that conditioning by hyperpolarizing prepulses of 100 msec or longer removes a substantial fraction of the attenuation of sodium conductance brought about by high [Ko] . Within this framework such a restoration process may result from depletion of the [Ko] in the Frankenhaeuser-Hodgkin space.
Such a mechanism would be the inverse of the K + accumulation process associated with excitation and described by Frankenhaeuser and Hodgkin (1956) . Indeed, by using the same model and the assumptions of Frankenhaeuser and Hodgkin (1956) The slow, K+-independent, restoration of sodium conductance brought about by long duration hyperpolarizations (the q process) may be related to alterations in the sodium inactivation curve caused by changes in other ions such as Ca ++ in the Schwann space.
It was suggested earlier in this paper that a second possible mechanism for [Ko] effects on sodium conductance might involve slow changes in membrane dipole orientations associated with the long term membrane depolarization resulting directly from membrane exposure to increased [Ko] . Ordinarily, on a time average basis, a substantial fraction of the membrane dipoles (natural or induced) presumably are oriented to some degree by the very high electric field (105 v/cm) within the membrane (Goldman, 1964; Berg, 1968) . Membrane depolarization or hyperpolarization obviously alters this field and thus varies the degree of dipole orientation. Such a transition of states is very rapid (within microseconds). However, a fraction of the dipoles may reorient very slowly as is the case with wax electrets (Eguchi, 1925; Berg, 1968) , for example. Such slow changes may give rise to the slow membrane conductance changes associated with high [Ko] and long duration conditioning potentials. However, the fraction of slowly reorienting dipoles must be very small as no significant changes in membrane capacity were observed upon increasing [Ko] from 10 to 100 m u (Palti and Adelman. J. Membrane Biol. Accepted for publication.)
The third mechanism suggested for the [Ko] effect on sodium currents considered the possibility that the effect was the direct result of changes in the sodium reversal potential, E~a. However, it has already been shown by Adelman and Palti (1969) that the changes in E~a are small in high external potassium (4 mv in 50 m~ K ASW). Therefore, the changes in E~ in high [Ko] solutions can be responsible for only a small fraction of the observed changes in I~ amplitudes reported in this work.
The fourth possible mechanism mentioned above considered that in high [Ko] or during long duration potential conditioning the actual potential difference across the axon membrane might not be equal to the potential difference measured between microtip and reference electrodes. Changes in the Gouy-Chapman double layer (Abramson, Moyer, and Gorin, 1964) or in the resistance in series with the membrane (Hodgkin, Huxley, and Katz, 1952) could bring about such errors. If high [Ko] produced lower actual potential differences across the membrane than the values measured, obviously one would need higher apparent membrane polarizations to obtain currents of the same amplitude as in low [Ko] . However, significant changes in the double layer in high [Ko] ASW solutions are highly unlikely, primarily because the ionic strength of all solutions used was kept reasonably constant.
Changes to be expected in the series resistance in high [Ko] or during long duration conditioning pulses are also small. The resistance changes due to ionic alteration in the space between axolemma and Schwann cells were calculated to be considerably less than 1% of the total resistance in series with the membrane. The fifth and final mechanism considered to be responsible for the effects of high [Ko] or of long duration potential conditioning suggested that such effects might be due to changes in electrode polarization and/or in electrodesolution impedances. In the voltage-clamping system used in the experiments reported in this paper, the current electrodes were completely separated, electronically and geometrically, from the potential-measuring electrodes. Therefore, it is unlikely that any polarization or impedance changes of the current electrodes (resulting from the long duration pulses) could affect the E,~ electrodes. Thus, errors resulting from current-sensitive E,~ feedback control seem unlikely. In addition, there was never any indication of instability of the clamp system during a test pulse following long duration conditioning. Fig. 7 illustrates typical initial transient currents initiated by depolarizing test pulses following a variety of short and long duration conditioning pulses (up to 5 min). These currents show no signs of notching or oscillations and are taken as evidence for voltage clamp stability (cf. Taylor, Moore, and Cole, 1960) .
The currents associated with the slow buildup of electrode polarization at the current electrodes can be considered as a DC bias. Since such processes decay at the end of the prepulses with the same slow rates as those with which they buildup, they cannot be expected to affect the values of the initial transient currents associated with the depolarizing test pulses used to measure
The slow changes in sodium conductance associated with high [Ko] and long duration conditioning potentials, as described above, may provide an insight into the mechanisms underlying some slow or long duration bioelectric phenomena such as long duration action potentials. In this example, the rate of decline of the plateau of long duration action potentials obtained in perfused axons (Narahashi, 1963; Baker et al., 1964; Adelman et al., 1965) corresponds roughly to the time course of the p process. Therefore, these phenomena might be considered as resulting from slow changes in sodium conductance corresponding to those described in this work.
The effects of long duration hyperpolarizing, conditioning potentials on [K] in the space between the axon membrane and the Schwann cells can be calculated with the use of the Frankenhaeuser and Hodgkin model (1956) . We will use their basic assumptions (hypothesis 1): (a) Diffusion of K + away from the axon is restricted by a thin outer layer separated from the excitable membrane by an aqueous space most probably a few hundred A thick. (b) The potassium ion concentration (mole/cm a) in this space, [K,] , at any time depends on the initial steady-state concentration, [K,o] , and the integral, over time, of the K + fluxes into and out of the space.
The increase or decrease, ~[K,], of K ÷ concentration in the space from [K,o] , resuiting from a difference between inflow and outflow of K + from the space, can be calculated from:
where 0 is the space thickness (in cm), MK,, and Mx,, are the net fluxes (mole cm -2. sec -1) of K ions from the space into the axon and from the space through the outer layer into the Schwann cells and external solution, respectively (flow into the space and K* accumulation in the space are taken as positive).
The net flux of ions driven by diffusion and electrical forces operadng around the axon membrane is given by (Hodgkin and Huxley, 1952 a):
where C~ is the axon membrane K* conductivity in ohm -l, E is the potential difference across the axon membrane (v), EK is the reversal potential of the potassium current, and F = 96,500 coul/mole. Note that the apparent C,x is a function of [K~] (see equation 8). However, for a given [I~] and hyperpolarizing potentials, n tends to zero so that potassium current is carried mainly through the leakage conductance. Therefore, under these conditions, GK is practically independent of time.
The diffusion of K ions from the space to the outer layer is given by (Frankenhaeuser and Hodgkin, 1956 ):
where Px, is the outer layer K* permeability in cm. sec -x. If it is assumed that the values of the resistances in series with the axon membrane are small as compared with the membrane resistance then the potential difference between internal and external current electrodes approaches E. Thus, the K* flux carried to the space by an electric current flowing from an external electrode is given by:
where G t is the axon membrane conductance, and tK is the transport number of K* in the solution used. Note again that Gt is a function of [K,] and also that for hyperpolarizing currents MK, signifies an influx of K ions into the space. As MK,, = Mxn + MK,, from equations 3 through 6 we get:
The values of Gx, G~, and Ex were experimentally determined as functions of [Ko] . The conductances were evaluated by measuring the voltage clamp currents generated, upon step membrane hyperpolarizations, by axons placed in 230 rnM Na ASW solutions containing from zero to 200 mM [K] . T h e osmolarity of solutions c o n t a i n i n g less than 200 mM [K] was m a i n t a i n e d by adding proper amounts of Tris*. T h e experimental relationship found between Gt ( a n d thus also Ga) 1 a n d 
